T HE RELATIONSHIP BETWEEN MAternal hematological parameters and pregnancy outcome has been a source of continuing controversy. In developed countries, not only maternal anemia 1-3 but also high hemoglobin concentration during pregnancy [4] [5] [6] [7] [8] [9] has been reported to increase the risks of unfavorable outcomes such as small-for-gestationalage (SGA) birth, preterm birth, and perinatal death. The associations between hemoglobin concentration in early pregnancy, changes in hemoglobin concentration during pregnancy, and risk of stillbirth are not known. 10 In this large population-based casecontrol study, we investigated the associations between the hemoglobin concentration at the first measurement during antenatal care, weekly change in hemoglobin concentration during early and late pregnancy, and risk of stillbirth. Because the causes of stillbirth are varied, we also investigated hemoglobin-related risks in different subgroups of stillbirths.
METHODS

Description of Sample
From the population-based Swedish Medical Birth Register, 11 we obtained information on all single births to primiparous women living and giving birth within a geographically defined area in central Sweden from 1987 through 1996. Of 220712 births, there were 725 stillbirths occurring at 28 weeks of ges-tation or later. For each case, we randomly selected 2 controls, matched by year and hospital of birth. Using the unique national registration number assigned to all Swedish residents, the standardized antenatal and obstetric records were retrieved from each of the 25 delivery archives and examined by one of us (O.S.), using a structured protocol. Of the 725 eligible cases, infor-mation on 702 (97%) was obtained: 10 cases were missing in the archives, 8 were incorrectly coded for delivery hospital, and 5 had an incorrect national registration number and were thereby Results In multivariate analyses, compared with women with hemoglobin concentrations of 126 to 135 g/L at first antenatal measurement, women with concentrations of 146 g/L or higher were at increased risk of stillbirth (odds ratio [OR], 1.8; 95% confidence interval [CI], 1.0-3.3). This risk was slightly increased when the analysis was restricted to antepartum stillbirths without malformations (OR, 2.0; 95% CI, 1.1-3.8). When we further restricted the analyses to preterm and SGA antepartum nonmalformed stillbirths, the ORs increased to 2.7 (95% CI, 1.1-6.4) and 4.2 (95% CI, 1.3-13.9), respectively. Excluding women with preeclampsia and eclampsia further increased these risks. Average weekly change in hemoglobin concentration during early or late pregnancy was not significantly associated with risk of stillbirth, although a larger decrease in concentration tended to be protective. Anemia (hemoglobin concentration Ͻ110 g/L) was not significantly associated with risk of stillbirth in multivariate analyses (OR, 1.2; 95% CI, 0.5-2.7).
Conclusions
High hemoglobin concentration at first measurement during antenatal care appears to be associated with increased risk of stillbirth, especially preterm and SGA antepartum stillbirths. impossible to trace. As for the control births, a second control birth was included only if the first selected control birth was not found. To obtain an equal number of case and control births (n=702), we included another 25 controls: 24 in the first control group were missing in the archives and 1 had an incorrect national registration number (retrieval rate, 96%). In 4 case and 2 control births, the mother had not received antenatal care. In 12 cases and 4 controls, the antenatal records were incomplete. The number of antenatal visits ranged from 0 to 34; mean and median number of visits were 12.2 and 12, respectively.
Information in antenatal records is prospectively recorded from the first to the last antenatal visit. At registration to antenatal care, we obtained information about maternal height, weight, occupation, and cigarette smoking status. During pregnancy, we repeatedly obtained information about blood pressure and proteinuria. From the obstetric and pediatric records, we recorded maternal age at delivery, gestational age at birth (or diagnosed stillbirth), weight at birth, and diagnosed malformations or chromosomal abnormalities. Gestational age was estimated using early second trimester ultrasound examination (generally before 19 gestational weeks) when available (94% of case and control births); otherwise, the last menstrual period was used.
Body mass index (BMI) at registration to antenatal care was calculated as weight in kilograms divided by the square of height in meters. A BMI of less than 20.0 was categorized as lean; 20.0 through 24.9 as normal weight; 25.0 through 29.9 as overweight; and 30.0 or more as obese. Information on mother's occupation was classified according to the Swedish Socioeconomic Classification 12 and grouped as blue-collar workers, low-level white-collar workers, intermediate and high-level whitecollar workers, students, and others (54 were not in the labor force, 12 were selfemployed, and 80 were not classifiable). Maternal smoking status was categorized as no daily smoking, 1 to 9 ciga-rettes per day, or 10 or more cigarettes per day.
Preeclampsia and eclampsia were defined according to the criteria given by the National High Blood Pressure Education Program Working Group Report on High Blood Pressure in Pregnancy. 13 Mild preeclampsia was defined as gestational hypertension (blood pressure Ն140/90 mm Hg in Ն2 readings Ն6 hours apart, occurring after 20 weeks of gestation) accompanied by mild or moderate proteinuria (Ն2 urinary dipsticks with 1+ or 2+ or 300 mg to 3 g of protein in a 24-hour urine collection). Severe preeclampsia was defined as gestational hypertension accompanied by severe proteinuria (Ն2 urinary dipsticks with 3+ or Ն3 g of protein in a 24-hour urine collection), or gestational hypertension with a diastolic blood pressure of at least 110 mm Hg (in Ն2 readings Ն6 hours apart), regardless of proteinuria. Eclampsia was defined as seizures in a patient with preeclampsia that could not be attributed to other causes.
Blood was taken for hemoglobin concentration estimation repeatedly during pregnancy. The mean gestational week of the first hemoglobin concentration measurement was 10.5 for cases and controls. There are no uniform criteria for categorization of hemoglobin measures during pregnancy. Based on a previous report, we divided hemoglobin concentration taken during antenatal care into 5 categories. 9 A separate stratification was performed to address the question of anemia (Ͻ110 g/L) and risk of stillbirth. 14 The average weekly change in hemoglobin concentration during pregnancy was estimated separately for early and late pregnancy periods using simple linear regression. The start of the early period was identified as the week that the first hemoglobin concentration measurement was taken, and the end of the early period was identified as the week of gestation closest to week 25, provided it was between week 17 and week 28. The regression line for the early period was fitted to all hemoglobin measurements during the period (the mean number of hemoglobin measurements was 2.9). The estimated weekly change in concentration was given by the slope of the fitted regression line. The method of estimating average change in hemoglobin concentration for the late period was similar; the start of the late period was identical to the end week of the early period, and the end week was defined as the week of the last concentration measurement in pregnancy (the mean number of hemoglobin measurements was 3.1). Average weekly change in hemoglobin concentration was not estimated if the difference between the start and end dates of the respective period was less than 3 weeks. Among cases, we only considered hemoglobin concentration measurements prior to stillbirth or prior to the birth week of the matched control. Among controls no hemoglobin concentration measurements were used after gestational week of stillbirth for the matched case. Average weekly change in hemoglobin concentration in early and late pregnancy was divided into 6 categories.
Stillbirths were classified as malformed or nonmalformed, antepartum or intrapartum, preterm or term, and SGA or non-SGA. Malformations were only noted if they were lethal or potentially lethal. 15 Preterm birth was defined as gestational age less than 37 completed weeks, and SGA was defined as birth weight more than 2 SDs below the mean birth weight for gestational age, according to the Swedish birth weight curve in common use. 16 
Statistical Methods
We used standard statistical methods for the analysis of matched casecontrol studies, namely conditional logistic regression models estimated using SAS PROC PHREG. 17 The data were individually matched, but some matched pairs had identical values for the matching variables. We therefore analyzed the data as if they were N:M matched, ie, each stratum contained N controls and M cases where neither N nor M were necessarily 1. All 702 controls were eligible for the analysis but were only included if they belonged to a stratum that contained at least 1 case. For each model, observations with missing values for explanatory variables were excluded from the analysis, although the corresponding matched case or control was included in the analysis if the stratum contained at least 1 case and 1 control with full covariate information. The number of observations excluded due to missing values was small (TABLE 1) . Odds ratios (ORs) with 95% confidence intervals (CIs) were used to estimate the relative risk.
The study was approved by the research ethics committee at Karolinska Institutet, Stockholm, Sweden. The committee did not require informed consent because the information had been collected in hospital archives; however, no personal identification numbers were used in the databases.
RESULTS
Low-(Յ115 g/L) and high-Ն146 g/L) hemoglobin concentrations at first antenatal measurement were associated with increased risk of stillbirth in the univariate analyses (Table 1) . Twenty cases and 15 controls were anemic (Ͻ110 g/L), and the OR for stillbirth related to anemia was 1.5 (95% CI, 0.7-3.0). Compared with women with a moderate decrease in hemoglobin concentration during early or late pregnancy, women with the largest increase in hemoglobin concentration were at increased risk of stillbirth. The risk of stillbirth increased with advancing maternal age, increasing BMI, low maternal stature, smoking, low socioeconomic status, and severe preeclampsia or eclampsia.
The relationship between hemoglobin concentration at first antenatal measurement and average change in hemoglobin concentration during pregnancy is shown in the FIGURE. In early pregnancy, mean hemoglobin concentrations decreased, with the exception of the group in the lowest concentration (Յ115 g/L) category. Some of the results demonstrated in the Figure can be explained by regression to the mean, that is, the tendency of observations that are extreme by chance to move closer to the mean when repeated. However, those women who began pregnancy with a high hemoglobin concentration continued to have higher concen- trations throughout pregnancy and vice versa. The lowest hemoglobin concentrations were found close to the 30th week of gestation for all groups. In late pregnancy, there was a small increase in mean hemoglobin concentrations, with the exception of the group with the highest hemoglobin concentration at first antenatal measurement (Ն146 g/L). We also wanted to investigate whether cases and controls within different first hemoglobin categories differed in the change of hemoglobin values during pregnancy. We therefore repeated the analysis in the Figure separately for cases and controls, but the changes in hemoglobin values from first hemoglobin concentration were essentially the same (data available on request). Women with a high first hemoglobin measurement were more likely to have a high BMI, preeclampsia or eclampsia, whereas there was no clear association between first-hemoglobin measurement and maternal age, cigarette smoking, or occupational status (data available on request).
Next, we performed conditional logistic regression analysis on the associations between first-hemoglobin concentration, early pregnancy change in hemoglobin values, and risk of stillbirth (TABLE 2) . Compared with women with mid-range first hemoglobin concentrations (126-135 g/L), women with the highest hemoglobin concentrations were at increased risk of stillbirth (OR, 1.8). Anemia (Ͻ110 g/L) (16 cases and 13 controls) was not significantly associated with risk of stillbirth (OR, 1.2; 95% CI, 0.5-2.7). The subgroups of malformed and intrapartum stillbirths were too small to be analyzed separately, and we assumed that these groups were not primarily associated with hemoglobin concentration during pregnancy. We therefore restricted the analysis to antepartum stillbirths without malformations. This restriction slightly increased the risk of stillbirth related to high first hemoglobin concentration (OR, 2.0). There was no significant interaction between first hemoglobin concentration and any of the covariates in the model. Women with the largest increase in hemoglobin concentration in early pregnancy were at increased risk of stillbirth, but change in hemoglobin concentration in early pregnancy was not statistically significant in any model. Hemoglobin concentration at first measurement during antenatal care and change in hemoglobin concentration in early pregnancy were also analyzed separately (after adjusting for the confounders included in Table 2 ) with no major differences in results.
Antepartum stillbirths without malformations were also analyzed according to birth weight for gestational age (TABLE 3) . For SGA stillbirths, a first hemoglobin measurement of 146 g/L or higher was associated with a more than 4-fold increase in risk, and when women with preeclampsia or eclampsia were excluded, this risk was substantially increased (OR, 15.1). We found no significant association between first hemoglobin level and non-SGA stillbirths (P=. 19) . Change in hemoglobin concentration during early pregnancy was not significantly associated with risks of SGA or non-SGA stillbirths (P=.18 and P=.13, respectively).
We also stratified nonmalformed antepartum stillbirths by gestational age (TABLE 4) . For preterm stillbirth, women with a first hemoglobin level of 146 g/L or higher had an almost 3-fold increase in risk, and this risk was further increased when women with preeclampsia or eclampsia were excluded. There was no significant association between term stillbirth and first hemoglobin concentration (P=.14), or change in hemoglobin during early pregnancy and risk of preterm or term stillbirth (P = .17 and P=.08, respectively).
Finally, we introduced change in hemoglobin concentration during late pregnancy in 3 models of stillbirth (all, nonmalformed, and antepartum nonmalformed stillbirth). Change in hemoglobin concentration during early and late pregnancy was not statistically significant in any model, indicat- ing that first hemoglobin concentration was a stronger predictor for stillbirth compared with changes in hemoglobin concentration during early or late pregnancy.
Figure. Hemoglobin Concentration During Pregnancy
COMMENT
The results from this study suggest that a high hemoglobin concentration in early pregnancy is associated with an almost 2-fold increase in risk of stillbirth. The risk increase is even larger among specific stillbirth subgroups, such as antepartum nonmalformed preterm or SGA stillbirths. When cases and controls with preeclampsia or eclampsia were excluded, these risks were further increased. Change in hemoglobin concentration during early or late pregnancy did not significantly influence stillbirth risk. Because anemia (Ͻ110 g/L) in early pregnancy is rare in Sweden, 18 our study did not have sufficient power to investigate the association between anemia and stillbirth. This population-based case-control study included more than 700 cases of stillbirth and 700 controls, for which 96% to 97% of the medical records were retrieved. Because exposure was registered prospectively during pregnancy, recall bias is unlikely. Possible con-founders such as maternal age, BMI, smoking status and socioeconomic status were accounted for in the analyses. The relatively homogeneous population in Sweden, the standardized antenatal care, and the use of uniform records further minimized the possibility of confounding due to differences in sociodemographic factors or pregnancy management. We investi- gated primiparous women with singleton pregnancies, and the conclusions from this study can only be interpreted for this group. We were restricted to data found in the archive files and could not investigate other potential confounders, such as, nutritional intake, or physical activity. Furthermore, we could not study any additional hematological parameters besides hemoglobin concentration.
Iron supplementation improves maternal hematological indexes during pregnancy. 19 In Sweden the clinical guidelines recommend iron supplementation for pregnant women, unless hemoglobin concentration is high. 18 Thus, women with high hemoglobin concentration at the first visit for antenatal care are less likely to receive iron supplementation compared with those with a lower hemoglobin concentration. A recent review of clinical trials states that routine iron supplementation "had no detectable effect on any substantive measures of either maternal or fetal outcome." 20 In this study, we did not have information on iron supplementation and therefore could not investigate its possible confounding of the association between hemoglobin concentration and risk of stillbirth.
A U-shaped association between lowest hemoglobin concentration during pregnancy and stillbirth rates has been reported previously, 10 and 2 studies have reported increased rates of perinatal death with high-and low-hemoglobin concentration during pregnancy. 4, 6 However, change in hemoglobin concentration during pregnancy was not considered in these studies. In our investigation, we adjusted for week of first hemoglobin measurement and used no hemoglobin measurements after stillbirth of the case or delivery of the individually matched control. Thus, bias due to measurements of hemoglobin concentrations at different gestational weeks for cases and controls was minimized.
Plasma volume expansion and lowered hemoglobin concentration are physiologic responses to pregnancy. 21 Plasma volume expansion is considered important for fetal growth, 22 and several studies have reported an increased incidence of low birth weight associated with a high maternal hemoglobin concentration. [5] [6] [7] 9 The mechanism by which expansion of the plasma volume enhances fetal growth is not known, but reduced blood viscosity may favor blood flow in the maternal intervillous space. 9 High hemoglobin values are associated with placental infarction, 4 and pregnancy hemodilution may, by preventing thrombosis in the uteroplacental circulation, promote fetal nourishment and growth. 5 In our investigation, we used weekly change in hemoglobin concentration as an indirect measure of plasma volume expansion. However, weekly change in hemoglobin concentration was not significantly associated with stillbirth risk, and did not influence stillbirth risks related to first hemoglobin concentration. Moreover, although women with the highest initial hemoglobin value had the largest drop in hemoglobin concentration, the risk of stillbirth was almost exclusively confined to this group. Thus, high hemoglobin levels in early pregnancy may per se be deleterious for fetal survival.
Small for gestational age is associated with a high hemoglobin concentration during pregnancy, 6, 9 and intrauterine growth restriction is one of the main determinants of stillbirth. 23, 24 It is therefore noteworthy that the highest risks in our study were found for antepartum nonmalformed SGA stillbirths, suggesting that the risk of stillbirth related to high hemoglobin concentration measured during antenatal care is associated with impaired fetal growth. As fetal growth restriction is reported to be more important for preterm than term stillbirths, 25 the hemoglobin-related risk increase in preterm stillbirths may have a similar mechanism.
Hemoconcentration with hypovolemia is a feature of preeclampsia. 6, 26 The reduction in plasma volume is reported to be proportional to the severity of the condition, 27 and the hematological changes occur before the onset of preeclampsia. 28, 29 Because preeclampsia and eclampsia may lie in the causal path- way between high hemoglobin concentration and stillbirth, we did not control for them in the multivariate analysis. However, when women with preeclampsia or eclampsia were excluded, the stillbirth-related risks due to a high hemoglobin concentration increased, suggesting that a high hemoglobin concentration primarily influences risk of stillbirth in nonpreeclamptic pregnancies.
The exact mechanisms for the association between maternal hemoglobin concentration and stillbirth, as well as the possible effects of iron supplementation, require further studies. Women with a high hemoglobin concentration at first measurement during antenatal care are reported to be at increased risk of SGA births, 6 and we found that a high first hemoglobin concentration increased the risk of stillbirth, especially antepartum-SGA stillbirths. We therefore suggest that pregnancies with high hemoglobin concentrations should be considered as high-risk pregnancies. To improve antenatal detection of fetal growth disturbances, it may be prudent to perform repeated ultrasound scannings on these pregnancies.
